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Cross-species microarrayoncoding RNAs (ncRNAs) are involved in the posttranscriptional control of gene
expression, and may have contributed to the emergence of the complex attributes observed in mammalians.
We show here that the complement of ncRNAs expressed from intronic regions of the human and mouse
genomes comprises at least 78,147 and 39,660 transcriptional units, respectively. To identify conserved
intronic sequences expressed in both humans and mice, we used custom-designed human cDNA microarrays
to separately interrogate RNA from mouse and human liver, kidney, and prostate tissues. An overlapping
tissue expression signature was detected for both species, comprising 198 transcripts; among these, 22 RNAs
map to intronic regions with evidence of evolutionary conservation in humans and mice. Transcription of
selected human–mouse intronic ncRNAs was conﬁrmed using strand-speciﬁc RT-PCR. Altogether, these
results support an evolutionarily conserved role of intronic ncRNAs in human and mouse, which are likely to
be involved in the ﬁne tuning of gene expression regulation in different mammalian tissues.
© 2008 Elsevier Inc. All rights reserved.IntroductionUnderstanding the molecular basis of mammalian biological com-
plexity is a remarkable challenge. The availability of complete genome
sequence information from several organisms, including humans [1,2]
and mice [3], has prompted the investigation of the molecular basis of
differences in biological complexity using comparative genomics
approaches. Despite the obvious phenotypic differences, transcrip-
tomic data have indicated the existence of comparable numbers of
orthologous protein-coding genes inmammalians (reviewed in [4]). In
parallel, unbiased high-throughput gene expression projects have
estimated that approximately 98% of the human transcripts represent
RNAs that do not encode proteins (reviewed in [5]). It is plausible that
these noncoding RNAs (ncRNAs) can be involved in the ﬁne-tuning
regulation of protein-coding genes, explaining in part the differences
in biological complexity of mammalian organisms [5–7].
Based on the hypothesis that any genomic region with sequence
conservation higher than expected from the basal rates of mutation
would be under some degree of active selection, several studies have
used comparative analyses to identify new functional regions in the
genomes [8–13]. Most of these studies are directed toward the
identiﬁcation of novel protein-coding genes and regulatory conserved
DNA motifs. Applying the conservation criteria commonly used in
comparative genomics, such as minimum sequence length and degree
of identity, several studies have described highly conserved noncodinga).
l rights reserved.regions and have postulated their possible functionality [8,14–17]. It
has been estimated that about 65% of these highly conserved non-
coding sequences map to intergenic and 35% to intronic regions of the
human genome [17]. Although DNA sequence similarity across species
is a good criterion for identiﬁcation and annotation of evolutionarily
conserved protein-coding and regulatory sequences, it is conceivable
that this in silico approach may be less effective in identifying novel
functionally relevant ncRNAs for which high levels of sequence
conservation are not a fundamental requirement [18–20]. Therefore, it
is expected that the extent of noncoding transcription in different
species is still underestimated and incompletely characterized.
Antisense transcripts represent an important fraction of ncRNAs
and sense–antisense pairs were described as representing about 15 to
20% of the transcribed loci in some eukaryotic genomes such as mouse
[21] and Drosophila [22]. In humans, widespread occurrence of
antisense transcription has been reported [23–25], and seems to
occur in about 60% of the RefSeq genomic loci [25]. They are involved
in several processes such as alternative splicing, imprinting, and RNA
interference (reviewed in [5,26]). However, these studies have
speciﬁcally focused on identifying spliced sequences and/or 3′ and
5′UTR overlapping regions with high levels of conservation. Unspliced
noncoding transcripts as well as transcripts with low levels of con-
servation among mammalian species have been given little or no
attention and were not investigated in these studies.
We have identiﬁed a set of long, antisense, unspliced, intronic
ncRNAs, whose expression correlates to the degree of malignancy of
prostate tumors [27]. In addition, a number of intronic ncRNAs were
found to be regulated by androgen stimulation of prostate cells in
culture [28], thus highlighting an uncharacterized group of possible
Table 1
Comprehensive transcriptional output of unspliced, intronic RNAs from human and
mouse genomes
UCSC September 2007 data Human Mouse Number of intronic
transcripts per human
or mouse RefSeq
Spliced RefSeq genes 17,007 16,894
EST dataset 7,946,717 4,364,770
TIN contigs 67,915 34,635 4 or 2
TIN singlets 130,094 55,447 7 or 3
PIN contigs 10,232 5,025 0.6 or 0.3
PIN singlets 3,994 2,711 0.23 or 0.16
Total (contigs) 78,147 39,660
Total (contigs + singlets) 212,235 97,818
RefSeq genes with
at least 1 TIN
13,691 (81%)a 11,766 (70%)b
RefSeq genes with
at least 1 PIN
7,971 (47%)a 5,320 (32%)b
a Percentage amount in relation to all 17,007 spliced RefSeq human genes.
b Percentage amount in relation to all 16,894 spliced RefSeq mouse genes.
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the transcriptional output of chromosomes 21 and 22 [29,30], as well
as of the entire human genome [31], and have revealed a signiﬁcant
portion of transcripts expressed in human tissues that map to intronic
regions with antisense orientation relative to the protein-coding
transcript in the same loci. Recently, we used a genome-wide approach
of mapping and clustering of expressed sequences to describe a com-
prehensive catalog of human intronic ncRNAs. Surveying all human
ESTs deposited in GenBank we identiﬁed over 55,000 clusters of
ncRNAs that map to 11,679 introns of RefSeq transcripts [32]. We have
also measured ncRNA expressionwith combined intron–exon oligoar-
rays, and we found that the most highly expressed antisense ncRNAs
were transcribed in three different human tissues from the intronic
regions of protein-coding genes involved with regulation of transcrip-
tion [32]. These studies have emphasized a need to characterize the
intronic transcripts in other mammalian species aiming to evaluate
their functionality.
In the presentwork,we assessed themouse intronic transcriptional
output using an informatics approach previously conceived to catalog
human intronic ncRNAs [32]. We also sought to identify intronic
ncRNAs conserved in human and mice based on their conserved ex-
pression pattern rather than only based on their sequence conserva-Table 2
Transcripts expressed in human and mouse tissues
Expressed in the following tissue
Prostate Kidney Liv
Total Exclusive Total Exclusive To
Human Transcripts
Exonic 676 69 807 164 59
Intronic 138 12 166 34 12
Total 814 81 973 198 71
Mouse transcripts
Exonic 520 82 444 36 46
Intronic 121 18 93 2 10
Total 641 100 537 38 56
Shared transcripts Expressed in the following tissue
Prostate Kidney Liver
Total % a Total % a Total
Exonic 385 74 362 82 361
Intronic 102 84 84 90 83
Total 487 76 446 83 444
a Percentage indicates the fraction of transcripts in common between human and mouse
b Percentage indicates the fraction of differentially expressed transcripts in common betw
Percentage i i tes f transcripts in common betw en human and mous
Percentage indicates the fr ti er t l expressed transcripts in common bettion. To that end, we used a custom-designed human cDNAmicroarray
platform enriched in probes for intronic ncRNAs to interrogate RNA
samples extracted from three different tissues (liver, kidney, and
prostate) from ﬁve human and ﬁve mouse individuals. We identiﬁed
several intronic ncRNAs commonly transcribed from human and
mouse genomic loci showing a highly conserved expression pattern
across tissues in both species. Altogether, our results support an
evolutionarily conserved role of intronic ncRNAs in human andmouse,
which is likely to be involved in the ﬁne tuning of gene expression
regulation during mammalian tissue differentiation.
Results
Assessment of the transcriptional output complement of long, unspliced,
intronic RNAs from the human and mouse genomes
Using an in silico approach based on genomic mapping and
sequence clustering similar to that previously designed by our group
[32], we catalogued the available transcriptional output of unspliced,
totally intronic noncoding (TIN) and partially intronic noncoding (PIN)
RNAs from the mouse genome. In addition, we updated our previous
analysis of the human intronic transcriptome [32] by incorporating
recent EST/mRNA information. This analysis revealed that at least
78,147 and 39,660 intronic transcriptional units are expressed from the
human and mouse genomes, respectively (Table 1). We observed
34,635 TIN contigs and 5025 PIN contigs expressed from the mouse
genome (Table 1).
Detection of mouse intronic transcripts using a human cDNA microarray
platform
Our previously described [27,28] custom-designed human cDNA
microarrays enriched with probes for intronic ncRNAs were used to
separately conﬁrm the expression of an intronic ncRNA subset in
humans and mice. The reproducibility of the expression measurements
derived from mouse or human microarray hybridizations was fairly
high, as evaluated by an average correlation coefﬁcient of 0.93±0.06
between slide replicates measured across all hybridized samples.
To minimize the frequency of false-positives identiﬁed in mouse–
human cross-hybridizations, we used a stringent criterion to consider
a given transcript as expressed in mouse tissues (described in detailsSigniﬁcant differentially
expressed
er At least one tissue
tal Exclusive
2 0 959 255
6 0 190 58
8 0 1149 313
1 0 621 387
4 0 127 84
5 0 748 471
Signiﬁcant differentially
expressed
At least one tissue
% a Total % a Total % b
78 533 86 156 61
80 117 92 42 72
79 650 87 198 63
in relation to all mouse expressed transcripts.
een human and mouse in relation to all human differentially expressed transcripts.
e in relation to all mouse expr ssed transcripts.
w en human and mouse in relation to all human diff rentially expressed transcripts.
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of 2294 probes for exonic regions of protein-coding genes represented
in the microarrays had a signal above the negative controls in at least
one human or mouse tissue, respectively; 86% of these exonic tran-
scripts expressed in mouse were also expressed in humans (Table 2).
Similarly, we identiﬁed 190 (23%) or 128 (16%) probes out of 822
probes for intronic transcripts with a signal above the negative
controls in at least one human or mouse tissue, respectively; 92% of
these intronic transcripts expressed in mouse were also expressed in
humans (Table 2).
Next, we compared the distribution of sequence size and GC
content of the full set of cDNA probes in the array with the distribution
of the subset of probes with intensity signals above the detection limit
in either human andmouse (Figs. 1A and B). The distributions of probe
sizes (Fig. 1A) and probe GC content (Fig. 1B) of sequences detected in
human and mouse tissues were comparable to each other and to the
full set of cDNA probes in the array (Figs. 1A and B). This analysis
indicated that target hybridization was driven mainly by sequence
context (i.e., sequence similarity between probe and target), with-
out any signiﬁcant bias toward unspeciﬁc hybridization to longer or
GC-richer probes.Fig. 1. Transcripts expressed in human and mouse tissues show similar distributions of
probe length and probe GC content. (A) Length distribution of all cDNA probes in the
array (solid black bars) and of probes for the genes detected as expressed in human
(solid white bars) or mouse (dashed bars) tissues. (B) Distribution of % GC content of all
cDNA probes in the array and of probes for the genes detected as expressed in human
(solid white bars) or mouse (dashed bars) tissues. In both graphs exonic and intronic
sequences are computed together.Evolutionarily conserved tissue-speciﬁc intronic transcripts expressed
from human and mouse genomes
Expression data from human and mouse tissues were normalized
and unsupervised analyses were performed separately for each
organism using the 650 transcripts expressed in at least one tissue
and shared in both species (from Table 2). The hierarchical clustering
revealed tissue-speciﬁc expression patterns in both human andmouse
samples (Fig. 2A). Moreover, such tissue-speciﬁc expression patterns
seemed to be composed by transcripts whose expressions are related
in human and mouse, as indicated by the Principal Component
Analysis (PCA) shown in Fig. 2B.
Next, a supervised analysis was applied to identify transcripts
differentially expressed with statistical signiﬁcance among liver,
kidney, and prostate tissues in each species (described in detail
under Methods). Genes identiﬁed by ANOVA (Pb0.001; FDRb1%) and
SAM (FDRb0.5%) in each species were cross-referenced to generate a
ﬁnal list of transcripts whose expressions were signiﬁcantly different
among the tissues under study in both human and mouse tissue
samples. A summary of the results is presented in Table 2.
Approximately 30% of the transcripts detected in human samples
(313/1149) were preferentially expressed in at least one of the three
studied tissues. Among these, 255 map to exons of protein-coding
genes and 58 to intronic regions. Nearly 62% of the transcripts
detected in mice (471/748) were preferentially expressed in at least
one of the three mouse tissues (Table 2). Among these transcripts, a
total of 387 were exonic and 84 intronic. Interestingly, 61% of the
exonic as well as 72% of the intronic messages detected as differ-
entially expressed across the human tissues are also differentially
expressed across mouse tissues.
The intersection of the two lists of transcripts separately identiﬁed
as preferentially expressed across the three studied tissues in human
or mouse resulted in a set of 198 transcripts. Relative to the human
genome, this set is composed of 156 transcripts mapping to exons of
protein-coding messages and 42 to intronic regions. Correspondent
mouse intronic sequences were identiﬁed using a combined approach
of genomic coordinate conversion and identity conservation analysis
(detailed under Methods).
For 25 human intronic transcripts we were able to accurately
identify the corresponding mouse sequence. Six additional human
intronic regions are not alignable to themouse genome at the gene loci
under study, and another 11 did not present signiﬁcant levels of
identity betweenhuman andmouse. As it is exempliﬁed in Fig. 3, in the
ETF1 intronic segment there were three regions with at least 100 bp
predicted by the zPicture analysis tool [33] to be evolutionarily
conserved between human and mouse using alignment default
parameters. The complete results for all 25 intronic human–mouse
transcript pairs provided by the zPicture analysis are presented as
Supplementary Figs. 1–25. Finally, after visual inspection of each
mouse locus usingUCSCGenomeBrowser (http://genome.ucsc.edu/), a
smaller group composed of 22 pairs of human–mouse intronic tran-
scripts were selected to be further analyzed (Supplementary Table).
To validate the existence of conserved tissue expression signatures,
hierarchical clustering analyses were performed by combining the
human and mouse results and using the intensity data of 156 exonic
(Fig. 4A) and 22 intronic (Fig. 4B) transcripts, that were differentially
expressed among the three tissues. As shown in Fig. 4, clustering was
very effective in grouping together the human (H) and mouse (M)
tissue samples that had the same tissue origin, i.e., prostate (blue),
kidney (orange), or liver (magenta). This result shows a high simi-
larity in the tissue expression pattern of exonic and intronic tran-
scripts detected in both species for each tissue (Fig. 4). The conserved
expression pattern of intronic ncRNAs across the three tissues in
both human and mouse may suggest that these sequences play a
role in regulating the tissue-speciﬁc genes in different mammalian
tissues.
Fig. 2. Transcripts expressed in humans and mice have a tissue-speciﬁc expression pattern. Unsupervised clustering (A) and Principal Component Analysis (B) using 650 transcripts
whose signal intensities were above background (seeMethods for details) in human (H) ormouse (M). Tissues under study are indicated by the color: prostate (blue), kidney (orange),
and liver (magenta). Triplicate samples are numbered from 1 to 3. In panel A, for each transcript (row), the expression intensity for each sample (column) was normalized and colored
as a function of the number of standard deviations above (red) or below (green) the mean value for that transcript across all samples.
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humans and mice
Out of the 22 human–mouse conserved intronic regions, 8 of them
already have evidence of expression in mouse, as provided by ESTs or
mRNAs available in the public databases (see Supplementary Table). To
conﬁrm the intronic RNA transcription in both human and mouse, 4
transcripts were selected for independent validation by RT-PCR
(SAP18/Sap18; CENTG2/Centg2; RAB11FIP1/Rab11ﬁp1; and ETF1/Etf1).
Using a strand-speciﬁc RT-PCR protocol (described in detail underMethods) we conﬁrmed the expression of all four intronic transcripts
in both human andmouse tissues. Using RNA frommouse liver tissues,
sense and antisense overlapping intronic transcripts were observed in
Sap18 locus, while only sense intronic transcripts were detected in the
other three tested loci (Centg2, Etf, and Rab11ﬁp1) (Fig. 5A). Antisense
intronic transcription in the SAP18 locuswas conﬁrmed in human liver
(Fig. 5B). ETF1 intronic transcripts were detected in both sense and
antisense orientation, and CENTG2 and RAB11FIP1 only with sense
orientation in human liver tissue (Fig. 6B). Interestingly, human–
mouse conserved intronic messages exhibit different transcriptional
Fig. 3. Evolutionarily conserved genomic regions identiﬁed in human–mouse tissue-speciﬁc intronic ncRNAs. Human and mouse genomic sequences spanning 2 kb from each
intronic regionwere compared using zPicture, a tool for analyzing conservation proﬁles. (A) Graphical representation of intronic alignment from ETF1/Etf1 loci are shown in redwhen
mapped to predicted evolutionarily conserved regions (N100 bp and N70% identity). Relative position (RP) in relation to the center of the human intronic EST in the array, and the Size
indicated at the bottom of the x axis are in base pairs. Percentage identity is indicated at the y axis. (B) Sequence alignment of the longest evolutionarily conserved region detected in
the intronic region from ETF1/Etf1 loci is shown.
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sponding protein-coding gene; human intronic transcripts from
CENTG2 and RAB11FIP1 loci share the sense orientation with the
conserved mouse intronic RNAs (from Centg2 and Rab11ﬁp1 loci);
human intronic SAP18 is only transcribed in antisense orientation
rather than as an antisense and sense overlapping pair as observed in
mice; for ETF1 locus, intronic messages were detected as antisense and
sense overlapping pairs in humans but only as sense (Etf1) message inmouse (Fig. 5B). Of this validation set, only the intronic transcript
mapping to the Etf1 locus has been previously detected in a mouse
tissue (EST Accession CN700723).
Discussion and conclusion
In this work we show a tissue-speciﬁc signature of intronic ncRNAs
expressed in the same tissues in both humans and mice. In addition,
Fig. 4. Human–mouse conserved tissue-speciﬁc expression signatures. (A) The 156 exonic and (B) 22 intronic RNAs differentially expressed among prostate (blue bar at the bottom),
kidney (orange), or liver (magenta) were independently identiﬁed using human (H) or mouse (M) RNAs from the three tissues, which were hybridized with microarrays in separate
experiments for each species. Triplicate samples are numbered from 1 to 3. Statistical analysis of differential expression was performed with ANOVA (P≤0.001; FDRb0.01) and SAM
(FDRb0.006). Genes separately identiﬁed as differentially expressed in the two species were combined for the hierarchical clustering shown here, which was performed withWard’s
method with half-square euclidean distance. For each transcript (row), the expression intensity in each sample (column) was normalized and colored as a function of the number of
standard deviations above (red) or below (green) the mean value for that transcript across all samples.
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transcriptional output from the mouse genome, focusing on the
unspliced messages that map totally (TIN) or partially (PIN) to intronic
regions. We found that 70% of the mouse RefSeq genes have intronic
transcription, which is comparable to the 74% of human RefSeq genes
with intronic transcription that we recently identiﬁed [32], and that
was updated in this report through the incorporation of additional
EST/mRNAs.
As expected, a smaller fraction of humanprobeswas detected in the
mouse hybridizations: the percentages of exonic (42%) and intronic
transcripts (23%) detected in at least one human tissue were higher
than those observed following hybridization with mouse tissues (27
and 15%, respectively). The presence in the array of probes for genes
with restricted expression in human tissues is probably one of the
reasons for the overall low fraction of expressed genes (less than 50%Fig. 5. Validation of expression and transcriptional orientation determination of intronic tra
Antisense or sense strand-speciﬁc reverse transcription is indicated at the top. These re
complementary to the RNA transcribed from each of the two strands at the different intronic
the corresponding protein-coding genes from the same loci. Speciﬁc PCR primers were desig
control PCR in the absence of reverse transcriptase (– RT) or in the absence of reverse transof probes in any of the conditions). A global lower intensity (more
than 2-fold) of probes following hybridization with mouse tissues
as compared to human hybridizations (average intensity of mouse
hybridizations=3.21; average intensity of human hybridizations=
7.32) is in line with what has been described in the literature for
cross-hybridizations with targets and probes from different species
[34,35].
A total of 22 expressed intronic transcripts were common to both
human and mouse and were independently detected in each species
as differentially expressed among liver, kidney, and prostate tissues.
Their expression pattern did group each of the three different tissues
from the two species, revealing a tissue signature common to human
and mouse for these intronic transcripts. The present data indicate a
nonrandom tissue-regulated intronic expression, a pattern that is
similar to that of other functionally characterized ncRNAs, such asnscripts from the tissue-speciﬁc expression signatures conserved in human and mouse.
verse transcription reactions were performed with a strand-speciﬁc primer that is
regions of the mouse (A) or human (B) genomic loci that are indicated by the names of
ned to amplify internal regions of each of the reverse-transcribed transcripts. Negative
cription primer (– primer) were included.
24 R. Louro et al. / Genomics 92 (2008) 18–25microRNAs [36–38]. Here, due to the discussed restrictions inherent to
a cross-species hybridization approach, we opted to describe only
mouse intronic ncRNAs that have evidence of evolutionary sequence
conservation. Although sequence conservation has been assumed to
be synonymous to functionality for protein domains that are under
structural constrains, for regulatory ncRNAs it is the expression
pattern rather than the sequence identity that seems to be under
strong evolutionary constraints [20]. Since only approximately 5% of
the bases in the genome are under identity evolutionary constraint in
mammals, andmore than 74% of the bases seem to be transcribed [39],
functionality despite the lack of sequence conservation is more likely
to be a rule than an exception.
Recently, Torarinsson and co-workers provided some insight into
the mechanisms of action of ncRNAs with poor primary sequence
identity. They identiﬁed thousands of syntenic regions of humans and
mice that despite the lack of sequence alignment, present secondary
structure conservation [40]. Further studies of expression conservation
of intronic ncRNA between related species should provide additional
insights into their possible roles as tissue-speciﬁc gene expression
regulators.
Surprisingly, human and mouse intronic ncRNAs only partially
share transcriptional orientation. We speculate that sense and
antisense intronic ncRNAs could play distinct roles in the transcription
program control of mammalians. Recently, overexpression of sense
intronic RNAs (i.e., complete introns of the human protein-coding
gene CFTR) has unveiled a mechanism of gene expression control in
trans [41]. For each over expressed intron, the authors have detected
a distinct group of functionally related genes of the known CFTR
pathway whose expressionwas modulated [41]. We hypothesize that,
while sense intronic ncRNAs work on spreading notiﬁcation signals
for the transcription of genes that present similar functions [41], the
antisense molecules could represent another layer in the control
network, being negative regulators of the naturally occurring sense
messages.
In conclusion, ourﬁndings increased the evidence for biological roles
played by ncRNAs, especially those transcribed from partially conserved
introns of protein-coding genes. It is tempting to speculate that intronic
ncRNAs are at the basis of the evolution of complex attributes, such as
those observed inmammalians. Such complexity has beenpostulated to
be a matter of interactions using relatively few and fairly similar proteic
components whose expressions are temporally and spatially controlled
by multiple ‘‘transcription factors’’ and intersecting signal transduction
pathways that could ﬁne-tune gene expression [42,43]. The existence
of conserved intronic tissue expression signatures in humans and in
mice points to intronic ncRNAs as candidates to act as nonproteinic
“transcription factors” responsible for subtle guiding of mammalian
transcription during tissue differentiation.
Methods
In silico identiﬁcation of totally intronic noncoding and partially intronic noncoding RNAs
from human and mouse EST datasets
We previously used an in silico approach based on clustering and genomic mapping
to reveal the human intronic transcriptional output [32]. Here we updated the human
data and extended the same approach to describe a comprehensive collection of totally
intronic noncoding (TIN) and partially intronic noncoding (PIN) RNAs expressed from
the mouse genome using a new bioinformatics tool, Intronic RNA Finder or IRF
(submitted manuscript), developed to handle the human and mouse ESTs datasets
more efﬁciently. Brieﬂy, IRF is a tool that uses ﬁles of genome mapping coordinates
directly obtained from the UCSC genome browser. EST sequences with overlapping
exons were merged into EST clusters using the genomic mapping coordinates. IRF uses
an interval tree data base architecture that generically allows for efﬁcient search of
overlapping intervals or points. IRF clustering procedures are fast because it uses
syntax-free extension tools from MySQL. Using this approach, human and mouse ESTs
from publicly available datasets (GenBank) were separately clustered based on their
genomic mapping coordinates to eliminate redundancy. Next, genome mapping
coordinates of human or mouse clusters were compared to the exonic coordinates of
nonredundant spliced RefSeq datasets from each species to determine the intronic
clusters.RNA isolation
Tissues from liver, prostate, and kidney from ﬁve adult male mice of the Balb/c
strain were obtained and frozen in liquid nitrogen. Likewise, ﬁve nontumor samples of
human liver, kidney, or prostate from our tumor bankwere selected. All human samples
were obtained from patients who signed informed consent, and approval was received
from the ethics committees of the hospitals. Total RNA was puriﬁed from tissues using
Trizol and treated with RNAse-free DNAse (RNeasy, Qiagen) [32] to reduce the levels of
genomic DNA contaminant. Either human or mouse samples for each tissue from the
ﬁve individuals were separately pooled using equal quantities of RNA.
Microarray experiments
The microarray platform (GEO GSE5345) used in this study was constructed using
PCR-ampliﬁed cDNA from EST clones, printed on modiﬁed glass slide, as previously
described [27]. In summary, it consists of a 9216-element microarray (3686 unique
elements in duplicate plus controls), comprising 2292 unique probes for known exons
of RefSeq genes, and 822 unique probes for transcripts mapping to intronic regions of
protein-coding transcripts. Three aliquots of 15 µg of the pool of total RNA from each
tissue were labeled with Cy5-dUTP after reverse transcription (CyScribe ﬁrst-strand
cDNA labeling kit, Amershan Biosciences) and hybridizations were carried out using all
labeled-target in an Automate Slide Processor (Amershan Biosciences). Images were
obtained using a Generation III Scanner (Amersham Biosciences). Three replicates of
each experiment were performed generating 18 slide images. The human and mouse
expression data were independently analyzed using a highly stringent methodology,
including different statistical approaches (see below for a detailed description). More
detailed information about microarray experiments and analysis is provided as
supplementary material following MIAME guidelines [44].
Data acquisition and statistical analyses
Intensity data were extracted from images using Arrayvision 8.0 software (Imaging
Research Inc.). The intensities of all spots of each slide were normalized across the
different experiments using the 40% trimmed average intensity of a set of six different
housekeeping genes (spotted at 264 different places in each slide) as reference. The 3686
unique probes are duplicated in each slide (left and right sides of the slide), and each
transcript was considered as expressed in one side of the slide if its probe intensity was
equal to or higher than the mean intensity of the Negative Controls plus ﬁve standard
deviation in the same subarray. The gene was considered detected in the slide if it was
positive on both sides (left and right) and was considered as expressed in the tissue if it
was detected in all three slides. It was considered as detected in each species if it was
detected in at least one tissue. Unsupervised hierarchical clustering was performed by
Ward'smethod (Similaritymeasure: Half-square euclidean distance; Ordering function:
Average value) and Principal Component Analysis (PCA) was used to survey the relation
between expression proﬁles from prostate, kidney, and liver samples from each species.
Transcripts with signiﬁcantly different expression were independently identiﬁed using
analysis of variance (ANOVA) and multiclass signiﬁcance analyses of microarray (SAM;
[45]).We used two statistical methodswith different intrinsic levels of strictness to limit
the false-positive rate. Next, all generated data from humans or mice were cross-
referenced to generate a ﬁnal list of transcripts whose expressionwere at the same time
signiﬁcantly different among the tissues under study and were shared by both species.
Expression proﬁles of overlapping transcripts were grouped using hierarchical
clustering with Ward's method. PCA and hierarchical clustering were performed using
Spotﬁre software (Spotﬁre Decision Site). Raw and normalized microarray intensities
were deposited in the Gene Expression Omnibus (GEO) database [46](Accession
Number GSE9950).
Mouse intronic transcripts deﬁnition
The genomic coordinates (March 2006 assembly) from each of the 42 human intronic
EST clones in the array were obtained from the UCSC Genome Browser (http://genome.
ucsc.edu/). Since the ESTsequencedeposited inGenBank could beshorter than thephysical
cDNAclones spottedon themicroarray slidesandevenshorter than the intronic full-length
RNAs expressed in the cells, we expanded the human genomic coordinates to encompass
2 kb. These human genomic coordinates were converted to mouse genomic coordinates
(July 2007 assembly) using liftOver tool (http://genome.ucsc.edu/). Retrieved DNA
sequences were aligned using zPicture, a web-based dynamic tool for analyzing
conservation proﬁles [33], to allow manual inspection of the extension of sequence
conservation between human and mouse. Mouse partial intronic transcripts were only
annotated when evidence of evolutionary conservation was observed in intronic regions,
using zPicture [33] with default parameters (N100 bp; N70% identity).
Strand-speciﬁc RT-PCR
Strand-speciﬁc RT-PCR was done as previously described [27,28]. Brieﬂy, 5 µg
DNAse-treated total RNAwas used to generate strand-speciﬁc cDNA. RNA plus 0.9 μMof
speciﬁc primer for either antisense or sense strand of each intronic segment was heated
to 75 °C for 10 min to minimize artifacts derived from secondary structure and
nonspeciﬁc annealing. Reverse transcription was performed at 50 °C for 60 min in a
50 µl volume, using 200 units of SuperscriptII reverse transcriptase (Invitrogen).
25R. Louro et al. / Genomics 92 (2008) 18–25Controls for the absence of self-priming were done with reverse transcriptase in the
absence of primers, and controls for the absence of DNA were done by incubation with
primers and no reverse transcriptase. To denature the reverse transcriptase, the sample
was heated for 30 min at 95 °C. PCR were carried out in a volume of 20 µl for 40 cycles
and the products were separated by electrophoresis for 20 min at 100 V in a 3% agarose
gel stained with ethidium bromide.
Acknowledgments
This work was supported by grants from Fundação de Amparo a
Pesquisa do Estado de São Paulo, FAPESP, Brasil; and Conselho
Nacional de Desenvolvimento Cientíﬁco e Tecnológico, CNPq, Brasil
(to SVA) and by fellowships from FAPESP to RL, HIN and TJ.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ygeno.2008.03.013.
References
[1] E.S. Lander, et al., Initial sequencing and analysis of the human genome, Nature
409 (2001) 860–921.
[2] J.C. Venter, et al., The sequence of the human genome, Science 291 (5507) (2001)
1304–1351.
[3] R.H. Waterston, et al., Initial sequencing and comparative analysis of the mouse
genome, Nature 420 (6915) (2002) 520–562.
[4] P. Carninci, Y. Hayashizaki, Noncoding RNA transcription beyond annotated genes,
Curr. Opin. Genet. Dev. 17 (2) (2007) 139–144.
[5] J.S. Mattick, I.V. Makunin, Non-coding RNA, Hum. Mol. Genet. 15 (Suppl 1) (2006)
R17–R29.
[6] E.M. Reis, et al., As antisense RNA gets intronic, Omics 9 (1) (2005) 2–12.
[7] A.T. Willingham, T.R. Gingeras, TUF love for qjunkq DNA, Cell 125 (7) (2006)
1215–1220.
[8] E.H. Margulies, et al., Identiﬁcation and characterization of multi-species con-
served sequences, Genome Res. 13 (12) (2003) 2507–2518.
[9] R.C. Hardison, J. Oeltjen, W. Miller, Long human-mouse sequence alignments
reveal novel regulatory elements: a reason to sequence the mouse genome,
Genome Res. 7 (10) (1997) 959–966.
[10] L. Manzella, et al., The interferon regulatory factors 1 and 2 bind to a segment of
the human c-myb ﬁrst intron: possible role in the regulation of c-myb expression,
Exp. Cell Res. 256 (1) (2000) 248–256.
[11] G.G. Loots, et al., Identiﬁcation of a coordinate regulator of interleukins 4, 13, and 5
by cross-species sequence comparisons, Science 288 (5463) (2000) 136–140.
[12] W. Makalowski, J. Zhang, M.S. Boguski, Comparative analysis of 1196 orthologous
mouse and human full-length mRNA and protein sequences, Genome Res. 6 (9)
(1996) 846–857.
[13] U. DeSilva, et al., Generation and comparative analysis of approximately 3.3 Mb of
mouse genomic sequence orthologous to the region of human chromosome
7q11.23 implicated in Williams syndrome, Genome Res. 12 (1) (2002) 3–15.
[14] L. Duret, F. Dorkeld, C. Gautier, Strong conservation of non-coding sequences
during vertebrates evolution: potential involvement in post-transcriptional
regulation of gene expression, Nucleic Acids Res. 21 (10) (1993) 2315–2322.
[15] A. Sandelin, et al., Arrays of ultraconserved non-coding regions span the loci of key
developmental genes in vertebrate genomes, BMC Genomics 5 (1) (2004) 99.
[16] A. Woolfe, et al., Highly conserved non-coding sequences are associated with
vertebrate development, PLoS Biol. 3 (1) (2005) e7.
[17] E.T. Dermitzakis, A. Reymond, S.E. Antonarakis, Conserved non-genic sequences—
an unexpected feature of mammalian genomes, Nat. Rev., Genet. 6 (2) (2005)
151–157.[18] K. Numata, et al., Identiﬁcation of putative noncoding RNAs among the RIKEN
mouse full-length cDNA collection, Genome Res. 13 (6B) (2003) 1301–1306.
[19] T. Ravasi, et al., Experimental validation of the regulated expression of large num-
bers of non-coding RNAs from themouse genome, Genome Res. 16 (1) (2006) 11–19.
[20] K.C. Pang, M.C. Frith, J.S. Mattick, Rapid evolution of noncoding RNAs: lack of
conservation does not mean lack of function, Trends Genet. 22 (1) (2006) 1–5.
[21] Y. Okazaki, et al., Analysis of the mouse transcriptome based on functional
annotation of 60,770 full-length cDNAs, Nature 420 (6915) (2002) 563–573.
[22] S. Misra, et al., Annotation of the Drosophila melanogaster euchromatic genome: a
systematic review, Genome Biol. 3 (12) (2002) RESEARCH0083.
[23] R. Yelin, et al., Widespread occurrence of antisense transcription in the human
genome, Nat. Biotechnol. 21 (4) (2003) 379–386.
[24] J. Chen, et al., Over 20% of human transcripts might form sense-antisense pairs,
Nucleic Acids Res. 32 (16) (2004) 4812–4820.
[25] X. Ge, et al., A large quantity of novel human antisense transcripts detected by
LongSAGE, Bioinformatics 22 (20) (2006) 2475–2479.
[26] S. Katayama, et al., Antisense transcription in the mammalian transcriptome,
Science 309 (5740) (2005) 1564–1566.
[27] E.M. Reis, et al., Antisense intronic non-coding RNA levels correlate to the degree of
tumor differentiation in prostate cancer, Oncogene 23 (39) (2004) 6684–6692.
[28] R. Louro, et al., Androgen responsive intronic non-coding RNAs, BMC Biol. 5 (2007) 4.
[29] D. Kampa, et al., Novel RNAs Identiﬁed From an In-Depth Analysis of the
Transcriptome of Human Chromosomes 21 and 22, Genome Res. 14 (3) (2004)
331–342.
[30] J.L. Rinn, et al., The transcriptional activity of human Chromosome 22, Genes Dev.
17 (4) (2003) 529–540.
[31] P. Bertone, et al., Global identiﬁcation of human transcribed sequences with
genome tiling arrays, Science 306 (5705) (2004) 2242–2246.
[32] H.I. Nakaya, et al., Genome mapping and expression analyses of human intronic
noncoding RNAs reveal tissue-speciﬁc patterns and enrichment in genes related to
regulation of transcription, Genome Biol. 8 (3) (2007) R43.
[33] I. Ovcharenko, et al., zPicture: dynamic alignment and visualization tool for
analyzing conservation proﬁles, Genome Res. 14 (3) (2004) 472–477.
[34] M. Vallee, et al., Cross-species hybridizations on a multi-species cDNA microarray
to identify evolutionarily conserved genes expressed in oocytes, BMC Genomics 7
(2006) 113.
[35] D.E. Moody, Z. Zou, L. McIntyre, Cross-species hybridisation of pig RNA to human
nylon microarrays, BMC Genomics 3 (1) (2002) 27.
[36] M. Lagos-Quintana, et al., Identiﬁcation of tissue-speciﬁc microRNAs from mouse,
Curr. Biol. 12 (9) (2002) 735–739.
[37] I. Beuvink, et al., A novel microarray approach reveals new tissue-speciﬁc
signatures of known and predicted mammalian microRNAs, Nucleic Acids Res.
35 (7) (2007) e52.
[38] D.G. Ryan, M. Oliveira-Fernandes, R.M. Lavker, MicroRNAs of the mammalian eye
display distinct and overlapping tissue speciﬁcity, Mol. Vis. 12 (2006) 1175–1184.
[39] E. Birney, et al., Identiﬁcation and analysis of functional elements in 1% of
the human genome by the ENCODE pilot project, Nature 447 (7146) (2007)
799–816.
[40] E. Torarinsson, et al., Thousands of corresponding human and mouse genomic
regions unalignable in primary sequence contain common RNA structure, Genome
Res. 16 (7) (2006) 885–889.
[41] A.E. Hill, et al., Micro-RNA-like effects of complete intronic sequences, Front. Biosci.
11 (2006) 1998–2006.
[42] G.M. Rubin, et al., Comparative genomics of the eukaryotes, Science 287 (5461)
(2000) 2204–2215.
[43] J.S. Mattick, M.J. Gagen, The evolution of controlled multitasked gene networks:
the role of introns and other noncoding RNAs in the development of complex
organisms, Mol. Biol. Evol. 18 (9) (2001) 1611–1630.
[44] A. Brazma, et al., Minimum information about a microarray experiment (MIAME)-
toward standards for microarray data, Nat. Genet. 29 (4) (2001) 365–371.
[45] V.G. Tusher, R. Tibshirani, G. Chu, Signiﬁcance analysis of microarrays applied
to the ionizing radiation response, Proc. Natl. Acad. Sci. U. S. A. 98 (9) (2001)
5116–5121.
[46] T. Barrett, et al., NCBI GEO: mining tens of millions of expression proﬁles–database
and tools update, Nucleic Acids Res. 35 (Database issue) (2007) D760–D765.
